In this paper, the thermal fatigue life evaluation method of brake disc of high-speed train with new materials was proposed based on the experimental study and the finite element computation. Moreover, the aluminium alloy of SiCp/A356 composite was used to verify this method. The thermo-elasto-plastic constitutive model of SiCp / A356 composites was established, and the fatigue life curve of material at the initial stage of crack was established based on the thermal fatigue experiment. Based on the singular element method of finite element method, the crack propagation law of cracked fatigue specimens under thermal load is analysed, and the crack propagation curve, which can be used to predict the fatigue life of crack propagation under thermal load, is established. The results obtained in this paper agreed well with the results proposed in the related literature.
INTRODUCTION
As the most effective safety braking, the disc braking has been widely used in high-speed train. The lightweight of brake disc is helpful for the improvement of dynamics of bogie quality and the reducing of traction energy consumption. Under the braking condition, the braking disc can generate lots of heat due to the friction. Also, the heat distribution in the brake disc is uneven, which causes the thermal stress response of brake disc, and the ever-changing thermal stress is the driving force of crack generation. As for the thermal fatigue problem, the famous Manson-Coffin formula was proposed in 1953 to establish the relationship between the thermal strain and the fatigue life [1] . The new brake disc of high-speed train does not crack, and the fatigue crack such as the thermal crack can appear after many times of braking. However, the fatigue cracks will not invalidate the brake disc unless the crack grows to the critical length. Therefore, the fatigue life of brake disc can be divided into the crack initiation life and the crack propagation life. The Manson-Coffin formula is mainly used to predict the crack initiation life, and the crack propagation life is predicted by the fracture mechanics method.
During the braking process, some basic parameters of material can change with the temperature, so the experiment is a very important way to obtain the constitutive model and the fatigue properties of material with temperature. Li et al. [2] obtained the fatigue stress-strain curve of Cr-Mo-V low alloy steel by means of the tensile experiment and the fatigue experiment under the different temperatures ranging from the room temperature to 600.℃. Additionally, the low cyclic fatigue characteristics of Cr-Mo-V low alloy steel were analysed. The results of the crack fracture analysis showed that the fatigue crack initially generated on the surface of brake disc. Although the working conditions of experiment are close to the actual working conditions of brake discs, the good monitoring means were absent. In general, only the surface temperatures were monitored, but the data of thermal fatigue damages could not be obtained.
The finite element method can well obtain the stressstrain response of the concerned regions of brake disc during the braking process, to obtain the thermal fatigue damages of materials. Zhou et al. [3] analysed the transient temperature and thermal stress distributions of brake disc under different working conditions by means of the thermalelastic-plastic finite element method. The calculated results were in agreement with the experimental results. As for the simulation of the crack propagation, the method of preset crack was considered, and Wu et al. [4] established a prediction model of the crack propagation of brake disc by the novel extended finite element method and the virtualnode polygonal finite element method. The predicted maximum braking temperature and the crack shape agreed well with the experimental results. Therefore, the finite element method was an effective means to obtain the thermal stress of brake disc. This paper presents a method to evaluate the thermal fatigue life of brake disc of high-speed train based on the experimental method and the finite element simulation method. Moreover, the aluminium alloy of SiCp/A356 composite is applied to investigate this method.
THE EVALUATION METHOD OF THE THERMAL FATIGUE LIFE OF BRAKE DISC
The fatigue life of brake disc consists of the crack initiation life and the crack propagation life:
where N i is the crack initiation life; N p is the crack propagation life.
The Analysis Method of the Crack Initiation Life
The prediction of the crack initiation life is applicable to the strain fatigue life model attributed to the local deformation of brake disc during the braking process. Manson-Coffin formula [5] was widely used in the lowcycle fatigue life prediction of engineering structure:
where σ' f is the fatigue strength factor; b is the fatigue strength index; ε' f is the fatigue ductility factor; c is the fatigue ductility index, and E is the elastic modulus. In this paper, the elastic term and the plastic term are considered separately due to the effect of the average stress:
where the parameters are the same as in Eq. (2) . The relationship between the elastic strain control life (N ef ), the plastic strain control life (N pf ), and the total life (N f ) is shown as follows:
The Eq. (3) and the Eq. (4) are substituted into the Eq. (5), which is the prediction model of the thermal fatigue crack initiation life.
Obviously, the key to predict the fatigue life by using the strain fatigue life model is to obtain the constant stressstrain curve of material, which can generally be obtained by means of experiment.
The Analysis of the Crack Propagation Life
As the thermal crack and other fatigue cracks appeared on the brake disc, the Paris formula could be used to express the crack propagation life according to the fracture mechanics theory [6] :
where a i is the initial crack depth; a c is the critical crack depth; da/dN is the crack growth rate, and ΔK is the range of the stress intensity factor. The stress intensity factor (K) was an important index, which reflected the stress field and the strain field of the crack tip and was an important parameter to estimate the crack propagation life [7] . Therefore, it was necessary to determine the relationship between the crack propagation rate (da/dN) and the stress intensity factor (K) in the thermal cycle.
According to fracture mechanics theory, in the crack line (θ = 0):
On account of τ xy = τ yz = τ zx =0, the main stress at any point of crack line is calculated as follows: 1 2 3 Plane stress Plane strain 0 , 2 2π 2π
The Von Mises yield condition in the plastic mechanics is expressed as follows:
The r is treated as equal to r p in Eq. (8) , and the r is substituted in the above equation, so the size of the plastic zone can be shown as follows: 2 Plane str 1 2π ess
where σ ys is the yield stress, and ν is the poisson's ratio. In Irwin's study, the size of the plastic zone was corrected:
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Considering the yielding of the crack tip, a+r p is used to replace the original crack length according to the Irwin's plasticity correction:
After obtaining the stress intensity factor, the curve of da/dN~∆K can be created to predict the crack propagation life by combining with the results of the crack propagation experiment.
The Finite Element Analysis of the Thermal Stress
According to the thermal fatigue crack initiation and propagation experiments, the relationship between the crack initiation life, the crack propagation rate and the crack length can be obtained. However, the stress field strength near the crack tip in the thermal cycle cannot be monitored and obtained during the experiments, which need to be solved by the finite element analysis.
The Calculation Method of the Strain Life Curve at the Crack Initiation Stage
By means of the finite element analysis software, the command flow of the boundary condition of the circular temperature field was programmed, and the stress-strain response of the incision of the thermal fatigue sample was calculated by the elastic-plastic thermal stress calculation method [8] [9] .
The cycles of the thermal crack generation of the samples are different with different thicknesses and incision radiuses in the same temperature cycle. Also, the strain-life curve with the cycling temperature (∆ε T /2 − 2N f ) can be obtained by considering all available samples, and the calculation process is shown as Fig. 1 . 
The Calculation Method of the Curve of the Crack Propagation Rate during the Process of the Thermal Crack Propagation
According to the singular element method of the finite element, the crack opening displacement (υ (r 1/4 ,π )) at a quarter of node of the crack tip is substituted in Eq. (12) to obtain the stress intensity factor after obtaining the stressstrain solution of the crack tip. The solution of the stress intensity factor is obtained by using the thermo-elastic-plastic finite element method to simulate the thermal fatigue experiment process. Additionally, the corresponding points of range of the stress intensity factor (ΔK i ) and the crack propagation rate (da i /dN) are obtained by means of the results of the thermal fatigue crack propagation experiment and the crack length. Thus, the function between the crack propagation rate and the stress intensity factor near the crack tip is established to predict the crack propagation life. The detailed process of the finite element simulation is shown as Fig. 2 
THE BASIC EXPERIMENT
The SiCp/A356 composite is produced by the liquid mixing method [10] , the base material is the aluminium alloy A356, which is typical in industries. Meanwhile, the SiC particles have the hexagonal shape with a volume fraction of 20% in the composite.
The Monotonic Tensile Experiment and the Monotonic Tensile Experiment of Brake Disc Material at Different Temperatures
The monotonic tensile experiment and the monotonic tensile experiment are conducted by using the rod sample at the room temperature and the high temperature, and the experimental equipment is the material testing machine of MTS-Sintech65/G. The strain amplitude control with the absolute error less than 0.03% is used, and each experimental value is the average value of 3 to 5 effective values. The high-temperature experiment is conducted by using the high-temperature environmental box and the thermostat, and the experimental temperatures are 25 ℃, 150 ℃, 300 ℃ and 450 ℃, respectively.
The Ramberg-Osgood (R-O) constitutive model is used to fit the monotonic tensile experimental data according to the least squares method. Moreover, the average elastic modulus E, the yield strength σ S , the tensile strength σ b and the parameters of the monotonic R-O model of SiCp/A356 composite at the room temperature and the high temperature are obtained, which are shown in Tab. 1. The R-O cyclic constitutive model is used to fit the cyclic stress-strain test data according to the least squares method. Also, the parameters (ε=0.4%/s ) of the R-O model of SiCp/A356 composite in the room-temperature and high-temperature cycles are obtained, as shown in Tab. 2. 
The Thermal Fatigue Experiment of SiCp/A356 Composite
As proposed in literature [11] , the thermal fatigue experiment of SiCp/A356 composite was carried out. The sample with the size of 50 × 20 × D mm was chosen for the experiment, and the thickness (D) included 3 mm, 9 mm, and 15 mm. Also, the depth of the V-shaped incision was 2 mm, and the radiuses (R) of it included 0.1 mm, 0.15 mm, and 0.20 mm, as shown in Fig. 3 . According to the three groups of the sample thickness, there are three samples with the same incision radiuses in each group, which is helpful to obtain the average value. A tubular furnace with the power of 2 kW is chosen for the cyclic heating equipment, and the fluctuation of the maximum temperature is less than ±3 ℃. Also, the circulating water is used for cooling. The range of the thermal cycling temperature is between 20 ℃ and 30 ℃, and the period of the thermal cycle is 145 s/cycle.
The length of the thermal fatigue crack is measured by a microscope of JQC (15J) (×100) based on the surface direct reading method. The sample is cyclically heated and cooled in the thermal fatigue furnace after some time. Then, the sample incision is carefully observed by a microscope (×100). Meanwhile, the time of the crack initiation cycle is calculated once the crack length (the average length) reaches 0.5 mm, as shown in Tab. 3.
After the fatigue crack generating, the thermal fatigue crack propagation test is continued. The crack length is recorded every 50 cycles, and the curve of the crack length with the cycle number is plotted, as shown in Fig. 4 . The crack growth rate is estimated to be da/dN =Δa/ΔN after the experimental data further processed, thus the crack propagation rate and the crack length with different thicknesses show the following variation tendency in the double logarithmic coordinate system, as shown in Fig. 5 . 
Figure 4
The relationship of the crack length with the cycle number for the samples with different thicknesses Figure 5 The relationship of the crack propagation rate and the crack length
THE FINITE ELEMENT ANALYSIS OF THE THERMAL FATIGUE PROPERTIES OF THE BRAKE DISC 4.1 The Curve of the Crack Initiation Life 4.1.1 The Stress-Strain Response of the Incision Sample
The stress-strain response of the incision sample without crack is calculated based on the elastic-plastic finite element model. The applied thermal fatigue load is the same as that in the thermal fatigue experiment. The loading method of nonlinear transient calculation is a function table, and the cycle numbers depend on whether the stress-strain response reaching is stable. As for the stress field calculation, the self-restrained form is used to obtain the thermal stress-strain response caused by the variation of temperature, and the stress-strain results contain the effect of temperature. During the thermal fatigue experiment, the load perpendicular to the direction of the incision is the main driving force of the crack initiation and propagation, so the thermal stress-strain response perpendicular to the direction of the incision is extracted. The strain amplitudes with different thermal cycle times are calculated, as shown in Tab. 4.
The Curve of the Elastic Strain Life
The finite element method is used to simulate the thermal strain stress response. The result shows that the stress cycle in the thermal fatigue experiment has the characteristics of the non-equal amplitude, and the average stress is less than zero. The fatigue strength factor of the life equation controlled by the elastic strain cannot be directly fitted. Moreover, the average stress can be converted into the strain life relationship with R = −1 according to the Goodman linear relationship [12] under the condition of the equivalent life. The Goodman line can be expressed as：
where σ a is the cyclic stress amplitude at a given life; σ -1, N is the fatigue strength at a given cycle number (R = −1); σ b is the tensile strength.
As the elastic part meets the Hooke law, so σ a =E·∆ε e /2. The tensile strength and the elastic modulus are determined according to Tab. 1, which are substituted in Eq. (14) to confirm the equal-amplitude fatigue strength (σ -1, N ) with different σ m . Thus, the thermoelastic strain life curve can be determined under the equal amplitude cycle, as shown in 
Considering the effect of the average stress, the Eq. (15) can be used to estimate the life of the elastic strain control of the SiCp/A356 composite under the cyclic stress-strain field. Figure 6 The curve of the equal-amplitude elastic strain life
The Curve of the Plastic Strain Life
The relationship between the plastic strain amplitude and the cycle times can be used to determine the curve of the plastic strain life controlled by the plastic strain, as shown in Fig. 7 . The Eq. (4) 
The above equation can be used to estimate the life of the SiCp/A356 composite controlled by the range of the plastic strain range.
According to Eq. (5), Eq. (15) and Eq. (16), the initiation life of the thermal fatigue crack of disc surface can be evaluated, as shown in Fig.8 . 
2 The Curve of the Crack Propagation Life 4.2.1 The Simulation of the Stress Intensity Factor of the Crack Tip of Incision Samples under Thermal Cyclic Load
The thermo-elastic-plastic finite element method is used to simulate the process of the thermal fatigue experiment, and the solution of the stress intensity factor of the crack tip is obtained. Also, the correlation between the crack growth rate and the stress intensity factor near the crack tip is established by combining the experimental results of the thermal fatigue crack propagation.
In the ANSYS software, the hexahedral with 8 nodes and the SOLID95 unit with 20 nodes are used to mesh the thermal fatigue sample, as shown in Fig. 9 . The mechanical and thermo-physical parameters of the material with the temperature and the harden ability of the material are considered. Also, the curve of the temperature cycle is chosen as the boundary condition for the calculation of the temperature field on the external solid surface. The results of the temperature field as the boundary condition are applied to the analysis of the thermo-elastic-plastic stressstrain.
(a) The overall discrete sample (b) The local enlargement near the crack tip Figure 9 The finite element discrete of the thermal fatigue sample
The stress distributions of the crack tip at the room temperature (20 ℃) and high temperature (300 ℃) are shown in Fig. 10 . As shown in Fig. 10 , the compressive stress near the crack tip at high temperature reaches -213 MPa, which exceeds the limit of the compression yield at 300℃ and the non-recoverable compression deformation appears. As the temperature rapidly decreases, the sample shrinks and the tensile stress is formed at the crack tip in order to balance the deformation caused by the shrinkage. The tensile stress reaches the maximum value as the sample temperature completely reduces to the room temperature. Moreover, the reciprocating cycle of tension and compression forms the dynamic force of the fatigue crack propagation. The size of the plastic zone is shown as Fig. 11 . r p = 0.036 mm, a = 2 mm, and a/r p = 55.56 > 20, which meets the small-scale yield criteria. It can be speculated that the crack tip is in the small-scale yield state in the experimental range, so the stress-strain field of the crack tip can be evaluated by the range of linear elastic fracture parametercrack tip stress intensity factor. The stress-strain response with the temperature at a quarter node of the crack tip is shown in Fig. 12 .
The stress intensity factor near the crack tip of the thermal fatigue sample under the cyclic thermal stress is ∆K I =K I max − K I min . As suggested by the linear elastic fracture mechanics, the compressive stress does not contribute to the crack propagation [13] . Therefore, the K I min is equal to 0 for the maximum temperature, and the curve of da/dN~∆K is that of R = 0. As the temperature decreases to the room temperature, the residual stress acts on the location near the crack tip. Also, the opening displacement of a quarter of node of the crack tip is substituted in Eq. (13) , and K I max is obtained. The range of the stress intensity factor corresponding to the crack length is ∆K I =K I max . Figure 11 Crack tip plastic dimension Figure 12 The steady stress-strain loop of crack tip According to the results of the thermal fatigue experiment, seven crack lengths a i (i = 1, 2, …, 9) are chosen to calculate the cyclic thermal stress and strain, and the corresponding range of the stress intensity factor range ∆K i (i =1, 2, …, 9) can be obtained. The relationships between ∆K, the crack length and the opening displacement of a quarter of node of the crack tip are shown as Fig. 13 and Fig. 14, respectively . It can be seen that ∆K increases with the crack propagation, and the crack will expand unsteadily once the K I reaches the fracture toughness (K Ic ).
The Determination of the Parameters of the Crack Propagation Curve
The crack propagation rate (da i /dN) obtained by the experiment and the range of the stress intensity factor (∆K i ) determined by the finite element method are used to obtain the corresponding points, which approximately form a line in the logarithmic coordinate, as shown in Fig. 15 . The curve shown in Fig. 15 is close to the crack propagation law of SiCp/A356 composite at the room temperature because of the maximum stress intensity factor appearing at the room temperature. In 1989, Shang [14] showed the results of the fatigue crack propagation experiment of the 20% SiCp/Al composite with the stress ratio (R = 0.1) at the room temperature after the T6 heat treatment. Also, the material properties proposed in this study and in the above literature are listed in Tab. 5. 
Figure 16
The comparison of the crack propagation rate curve
As shown in Tab. 5, the differences of the tensile strength and the yield between the two materials are large, but the difference of the fracture toughness is mild. The fatigue crack propagation curve (da/dN~∆K ) proposed in this study is shown in Fig. 16 . It can be seen that the crack propagation curve of the 20% SiCp/Al proposed by Shang [14] covers the three stages of the fatigue crack propagation, including the low rate stage near the threshold (∆K = 2.6 MPa•√m), the stable propagation stage, unstable propagation stage. As shown in Fig. 16 , the curve of the crack propagation rate proposed in this paper is in the second stage of the crack propagation, namely the stable propagation phase, which is close to the result proposed in Ref. [15] . As shown in Fig. 16 , it can be speculated that the curve of the crack propagation rate fitted by the finite element method is in accordance with the law of the crack propagation of the particle reinforced aluminium matrix composite. However, the accuracy needs to be verified by the direct experiment, which is unpractical due to the technology of the current thermal fatigue experiment.
The fatigue crack propagation data proposed by Shang [14] are obtained by the fatigue crack propagation experiment at the room temperature. In this study, the curve of the thermal fatigue crack propagation rate obtained by the finite element method considers the temperature influence, so the result of this study is higher than that of Shang [14] .
The Paris equation is used to fit the curve of the thermal fatigue crack propagation, as shown in Tab. 6. 
CONCLUSION
Based on the experiment, the monotonic properties and the parameters of the cyclic R-O constitutive model of SiCp/A356 composite were obtained. Also, the relationship of the crack propagation rate and the crack length of SiCp/A356 was gained.
The fatigue life of brake disc is divided into two parts: the crack initiation life and the crack propagation life. On one hand, the evaluation criterion of the total strain life is established. On the other hand, the stress intensity factor of the crack tip is calculated by the method of a quarter node displacement of the singular unit, and the curve of the thermal fatigue crack propagation of the SiCp / A356 composite (da/dN~∆K ) is established based on the relationship between the crack propagation rate and the crack length in the thermal fatigue experiment, which provide the necessary condition for the evaluation of the initiation and propagation lives of the thermal fatigue crack of the brake disc of SiCp/A356 composite. Finally, the total thermal fatigue life of brake disc of SiCp/A356 composite is obtained.
